Objective-To study the time course and underlying mechanisms of right heart filling after cardiac surgery.
3*5 (SD 3-1) and (3) (4) mm, respectively to 02 (01) and 8-1 (2-3) mm two days after operation. A gradual increase towards baseline values was noted after six months, to 1-4 (1-3) and 15.1 (2 3 ) mm respectively; however, these values were still significantly less than those before operation. Similar changes were seen in the hepatic venous flow pattern. The decrease in total tricuspid annulus motion was most pronounced in its lateral segment and the atrial component of the tricuspid annulus motion showed similar changes.
Conclusions-The pronounced decrease in tricuspid annulus motion during the early postoperative period suggests right atrial and right ventricular dysfunction as mechanisms responsible for the early changes-seen. The progressive return to a normal venous filling pattern and the partial recovery of annular motion six months after operation further support the influence ofthe above mechanisms, as well as their resolution with time. The persistent flow abnormalities and compromised motion of the free aspects of the tricuspid annulus, however, suggest long-term tethering of the right heart walL Right heart filling, reflected in the pattern of systemic venous return, becomes abnormal in patients who undergo cardiac surgery supported by cardiopulmonary bypass.'-' These changes were first described as an alteration in jugular venous pulse contours and flow velocities from the normal dominant systolic flow to an equal or dominant diastolic flow. 45 Recently we have shown, using intraoperative transoesophageal echocardiography, that the venous flow pattern is normal before cardiopulmonary bypass even with the pericardium fully opened, but becomes abnormal immediately after termination of cardiopulmonary bypass.6 A mechanical impediment to cardiac motion and a combination of abnormalities in right heart function were suggested as possible mechanisms for these changes immediately after cardiopulmonary bypass. The present study was undertaken to further elucidate the time course and underlying mechanisms of these changes through repeated observations before and during a six month period after operation.
Patients and methods

PATIENT POPULATION
We studied 26 patients (mean age 54 9 , range years; 16 men and 10 women) undergoing their first cardiac surgery. Sixteen patients had coronary artery bypass grafts (one also had mitral valve replacement and two had aortic valve replacement), two 
Results
SYSTEMIC VENOUS FLOW RECORDINGS
Before surgery a normal pattern of systemic venous flow with systolic predominance was seen in all patients (table 1). After operation there was a significant decrease in systolic and a significant increase in diastolic forward flow velocities; thus the systolic:diastolic ratio of peak flow velocities (2-0 (08) to 0 3 (02) m/s, p < 0-001) and velocity integrals (3'5 (3-1) to 0 2(0O 1) cm,p < 0 001) significantlydecreased after surgery (figs 1 and 3, table 1). The shapeof the envelope of the venous flow velocity curves changed after surgery, with a significantly earlier peak (corrected for heart rate) for systolic flow occurring 98 (55) ms after tricuspid valve closure after surgery, compared with 199 (144) ms before surgery (p < 0 001). Values are given for flow in the superior vena cava but changes in hepatic venous flow were similar. Diastolic flow tended to peak later in relation to tricuspid opening after surgery (205 (159) ms) compared with that before surgery (160 (189) ms), but this difference was not statistically significant.
Hepatic "v" wave reversal was present m nine of 26 patients before surgery and was seen in all 16 patients studied soon after operation. Reversed flow coincident with atrial contraction was present in 15 of 26 patients before surgery. After surgery only six presented a discrete flow curve, whereas the others showed only a notch during diastolic filling (fig 4) . All of these changes were more pronounced at the early observation two days after surgery and tended to normalise partially during the six month follow up period, though the systolic : diastolic ratios remained significantly lower than at the recording before surgery (p < 0 02). Figure 1 shows typical curves from one patient. ANNULUS 
MOTION
Tricuspid annulus motion was normal before operation in all patients,9 with a significantly higher amplitude of motion in the lateral point than at other points (p < 0 002), giving it a swinging or tilting motion with the hinge point at the septal margin. Soon after operation, annulus motion was significantly decreased this time there was no significant difference in (p < 0-001), particularly in its lateral part, motion of the four tricuspid annulus points. causing the ring to move more like a piston but Thus six months after surgery the annulus still with very low amplitude. The decrease in moved like a piston. The tricuspid annulus a amplitude was most pronounced early after wave was usually easy to define before surgery surgery and this tended to become normal with and was seen in most patients (table 2) . Two time. Six months after operation the amplitude days to six weeks after surgery it was seen in of motion was still less than that before surgery only a few patients (p < 0-003) compared with for the anterior (p < 0*05), lateral (p < 0 004), patients before surgery, but it was seen in all and posterior parts (p < 0 001), and the medial patients investigated six months after surgery. part had regained its baseline motion (NS). At Mitral annulus motion ( HEART RATE Heart rate significantly increased from an average of 70 (14) beats/min before surgery to 90 (12) two days after, 93 (13) one week after, and 87 (14) six weeks after surgery. The heart rate at the six month follow up (76 (13) beats/ min) did not differ significantly from the preoperative recordings. There was no correlation between changes in heart rate and the other variables measured.
TYPE OF SURGERY
The trends of velocity ratio and annulus motion were the same for each type of cardiac surgery performed, including accessory pathway ablation near the tricuspid or mitral annulus.
Discussion
Filling and emptying of the normal heart occurs almost without a change in total heart volume, due to the motion of the annuli."1'-3 During systole the tricuspid annulus descends towards the apex as the ventricular volume decreases. Together with atrial relaxation, this descent causes an increase in atrial volume and blood is transported from the veins into the atria. This is reflected in the systemic venous flowpattern with flow towards the atrium beginning before the onset ofventricular systole, due to atrial relaxation. The flow then increases in velocity during ventricular systole due to descent ofthe annulus. A second peak ofinflow into the atrium is seen during ventricular diastole, when the tricuspid valve opens and the atrium acts as a passive conduit for blood from the veins into the right ventricle. In the normal venous filling pattern systolic flow is greater than diastolic flow.5 7 14 Changes in systemic venous return after cardiac surgery have been recognised by abnormalities in jugular venous pulse contours2 3 The present study shows a remarkable change in pattem and decrease in tricuspid annulus motion after surgery. Postoperatively the tricuspid annulus moved like a piston, initially with a very low amplitude. This motion pattern was still present six months after surgery, but the amplitudes of motion of the anterior, lateral, and posterior parts of the tricuspid annulus were significantly higher than at the second postoperative day. A similar evolution was seen for the tricuspid annulus "a" wave, present in most patients before operation and six months after, but present in only a few two days to six weeks after surgery. This cannot be explained by difficulty in its identification with the increase in heart rate, as the mitral annulus "a" wave was present significantly more often during this time.
The time course of change in the motion of the tricuspid annulus suggests a multifactorial effect. The pronounced decrease in amplitude found early after surgery and the later return towards normal may be a consequence of impaired right heart function secondary to inadequate preservation of the right heart during surgery. Intensive efforts have been made to preserve the heart by general hypothermia, intracoronary cold preservation solutions, and topical chilling of the heart. The success in preservation of the left heart is probably higher than for the right heart, which is exposed to room temperature and radiation heat from operating room lights. Also the right atrium is perfused with blood returning from the body at a temperature of approximately 30'C.2"27 Our findings may thus reflect a right ventricular equivalent of "stunned myocardium."' The different response in the pattern of pulmonary and systemic venous flow noted intraoperatively6 and the difference in mitral and tricuspid annulus motion seen in the present study may be a reflection ofthe different success in myocardial preservation of the right and leftf heart chambers. The decrease in both total amplitude and "a" wave amplitude oftricuspid annulus motion suggests that right atrial and right ventricular function may both be impaired. Oedema and bleeding at the insertion site of the right atrial cannula may also contribute to this change. The lack of significant change in right ventricular area after surgery may reflect an altered pattern of right ventricular contraction, implying a change in ventricular geometry and so favouring a more mechanical explanation for the changes.
An alternative explanation includes a mechanical impediment to tricuspid annulus motion. In the early postoperative period this might be secondary to the presence of chest tubes, oedema, and bleeding and in the later postoperative period it could be due to adhesions between the heart and surrounding tissues. This hypothesis is supported by the observed lack of total recovery of the lateral aspect of the tricuspid annulus. The findings soon after surgery are likely to be due to a transient change in right heart function combined with mechanical impediment whereas the later findings may be mainly due to mechanical impediment.
This study confirms the previously observed postoperative changes in the pattern of flow in the hepatic vein and superior vena cava from a normal pattern with systolic dominance to an abnormal pattern with diastolic dominance. In most patients after surgery forward systolic flow was minimal and frank systolic flow reversal, corresponding to the right atrial pressure "v" wave, was often present. This could not be explained by tricuspid regurgitation, which was an infrequent finding in our patient group. There was a significant relation between the amplitude of tricuspid annulus motion and venous flow pattern, suggesting that the change in venous pattern may be secondary to the decrease in tricuspid annulus motion, which is in turn a marker of right ventricular function. The contraction of the heart involves not only annular descent and myocardial thickening but also a twisting motion of the ventricles.32 This motion was not analysed in our present study so changes in torsion induced by surgery that might affect right heart filling would go undetected by these methods.
CLINICAL IMPLICATIONS
The present study improved the understanding of the sequence and possible pathophysiology of previously described changes in systemic venous return after cardiac surgery. It shows that these changes are not related to the type of surgery, total time of cardiopulmonary bypass or aortic cross clamp time, use of cardioplegia, type of myocardial preservation, or presence of tricuspid regurgitation. These findings have significantimplicationsforevaluatinginfluences of various perioperative interventions on maintaining cardiac dynamics. They also reinforce the previously recognised caution regarding interpretation of systemic venous patterns in patients even with remote cardiac surgery.
